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Introduction
Aryldiazonium salts [ArN 2 ][X] are potent nitrogen-based Lewis acids that react as electrophiles in a plethora of transformations, of which the formation of azo dyes is one of the key applications. [1] For example, the commercially available Basic Red 51 (A, Figure 1 ) that is used for the dying of synthetic and natural fibres [2] is produced by the coupling of the corresponding diazonium salt with an imidazole, followed by alkylation. [3] Alternatively, N-coordination of diazonium salts to Lewis basic N-heterocyclic carbenes (NHCs) directly affords the strongly coloured azoimidazolium salts [RN 2 (NHC)][X], such as B. [4, 5] While the cationic NHC-diazonium Lewis adducts are of industrial relevance, the corresponding phosphine derivatives have received little attention. In 1953, Horner and Stöhr described the red azophosphonium chlorides C [R = H, Me, Cl, NO 2 , CO 2 H, OMe, OC(O)Me], with PPh 3 as the Lewis base, as unstable species.
[6] Four decades later, Wokaun and co-workers observed a red colour upon addition of tris(dimethylamino)-phosphine to aromatic diazonium tetrafluoroborate salts and characterised the formed adducts (D) spectroscopically [R′ = N(Me) 2 , R = p-Cl, o-Cl, o-CH 3 + p-Cl, p-C(O)OEt, p-SO 2 NH 2 , p-CN]. [7] Subsequently, Flower and co-workers reported the ; R = 6-naphthalen-2-ol). [8] Very recently, the investigation of azophosphonium the Hammett σ + para constant and the colour and 31 P NMR chemical shift was explored. The compounds were characterised by NMR spectroscopy, UV/Vis spectroscopy and singlecrystal X-ray structure crystallography. salts has picked up interest. Stephan and co-workers reported on the synthesis of D (R′ = Mes, tBu, R = p-Cl) exhibiting red and purple colours, respectively. [9] Subsequent reduction of these compounds leads to the reversible formation of stable nitrogen-based radicals. Concurrently, we described the synthesis of the azophosphonium salts D [R′ = tBu, p-R = NO 2 , Br, H, OCH 3 , N(CH 3 ) 2 ], displaying colours ranging from purple to red/ brown. [10] Herein, we extend these findings and target the synthesis of an array of azophosphonium salts by treatment of para substituted aryldiazonium salts with the sterically encumbered phosphines tBu 3 P and Mes 3 P. In addition, we sought to rationalise the effect of the aryl substituent on the physical properties of the products, including colour and 31 P NMR chemical shift. The Hammett σ para value expresses the electron-donating or withdrawing ability of the para substituent on the aryl group. However, this parameter does not correlate well in systems where the substituent is conjugated with the reactive site (Figure 2) , and the σ + para constant has been used previously to account for the resonance stabilisation of a positive charge. [11] We demonstrate that the σ + para constant correlates well with the colour and spectroscopic properties of a range of azophosphonium salts. This allows facile access to tuneable systems that can be used as dyes or precursors to stable nitrogen-based radicals. [9] Full Paper 
Results and Discussion
To explore the substituent effect on the 31 P NMR chemical shift as well as the colour of this novel class of azo dyes, we expanded the scope of the para substituted arylazophosphonium salts [(p-R-C 6 H 4 )N 2 (PtBu 3 )][BF 4 ] 1 (Scheme 1). [10] Reaction of 16 p-substituted benzenediazonium salts with tri-tert-butylphosphine (1.1 equiv) in acetonitrile afforded many shades of intensely coloured phosphine-diazonium adducts [(p-R-C 6 H 4 )-N 2 (PtBu 3 )][BF 4 ] 1a-p, ranging from purple, to pink, red, and red/ brown (Figure 3 ), which were isolated in moderate to good yields (55-97 %, Scheme 1, Table 1 ). Note that the purity of the diazonium salts used was crucial, as without prior recrystallisation we observed the formation of [tBu 3 PH][BF 4 ], which results from protonation of the phosphine by remaining HBF 4 that was used in the synthesis of the diazonium salt. Intriguingly, the electron-donating and withdrawing ability of the para substituent can be found in the computed bond [10] lengths (Table 1 ) and follows the trend of the σ + para parameter. A greater contribution from resonance structure II (Figure 2 ) can be observed for the more electron-donating substituents as the N-N bond length elongates (N-N: 1a 1.243, 1p 1.268 Å) and shortening of the P-N and N-C bonds occurs (P-N: 1a 1.742, 1p 1.710 Å; N-C: 1a 1.417, 1p 1.371 Å; see Table S3 for further data). The same effect is also manifested in the greater alternation of C-C bond lengths (between long and short bonds) in the aryl ring. These data indicate a significant contribution from resonance form II for electron-donating para substituents. [14] UV/Vis spectroscopy for compounds 1a-p, measured in CH 3 CN, displays an intense absorption maximum ranging from λ max = 300-464 nm corresponding to the π→π* transition (Figure 4) . [10] In general, a bathochromic shift can be observed for the position of the absorption going from electron-withdrawing (1a) to electron-donating (1q). A shift in the λ max is observed for para substituent Ph (1h), OR (1l, 1m, 1n) and NR 2 (1o, 1p) due to the mesomeric effect (+M) as the lone pair (or π-system) can be donated into the ring. This is strongest for the most electron-donating group, NR 2 , resulting in the highest shift in λ max (1o 435 nm, 1p 464 nm). Compounds 1a-p also show a weak absorption in the visible region from λ max = 527-497 nm (n→π*). [14] Here the overall trend is a gradual hypsochromic shift from electron-withdrawing to the electron-donating para substituent in 1a-p (Table 1) . This is reflected in the colours of the compounds in solution, as various shades of purple, pink, red and lastly red/brown are seen (1a to 1p, Figure 3 ), yet some outliers in the series can be observed (e.g. 1j and 1k). For 1h and 1i the mesomeric effect plays a crucial role, whereas this is not possible in the case of 1j and 1k.
The azophosphonium salts 1a-p are ordered according to the Hammett σ + para values of their para substituent to highlight the substituent effect (Table 1 ). In our set of 16 tri-tert-butylphosphine-diazonium adducts, the σ + para constant ranges from 0.79 (1a) for the electron-withdrawing NO 2 group to -1.70 (1p) for the electron-donating N(CH 3 ) 2 substituent ( Table 1) . [11] Likewise, the To gain more insight into the dependence of the para substituent on the n→π* and π→π* excitations, we resorted to ωB97X-D/6-311+G(d,p) calculations. While the energy levels of n (HOMO) and π* (LUMO) decreases from 1a (n: -12.6, π*: -4.9 eV; Table 2) to 1p (n: -11.5, π*: -3.8 eV), the n→π* excitation gap remains the same (≈ 7.8 eV). For the π (HOMO-1) to π* (LUMO) excitation overall a slight decrease is observed (1a, n: -12.8, π*: -4.9 eV; 1p, n: -10.3, π*: -3.8 eV), yet the π→π* excitation gap differs for all cases [from 1c: 8.0 (biggest) to 1p: 6.5 (smallest) eV], still, here too overall a decrease is observed from 1a to 1p (-7.9 to -6.5 eV, respectively). The energies obtained from the calculations are not accurate enough to correlate these to UV/Vis absorption bands, [12] for which timedependent DFT calculations are required (see SI). [10] [a] π→π* transition. [b] n→π* transition.
[c] See ref. [10] [d] Data recorded after 1 day. For more information, see ref. [10] [e] n→π* transition not visible.
IR spectroscopy can also be used to probe the different resonance structures, as the N-N vibrations will be influenced by the different para-R groups. However, distinguishing experimentally between the vibrations proved to be difficult, therefore we resorted again to calculations at the ωB97X-D/6-311+G(d,p) level of theory. These calculations revealed an N 2 vibration that is coupled to the adjacent phenyl group due to the conjugated π-system. [14] A decrease in N-N stretching frequency is observed going from 1a (1605 cm -1 ) to 1q (1538 cm -1 ), owing to the weakening of the N=N double bond by the electron-donating groups.
We next investigated the influence of the substituents on phosphorus by using another bulky tertiary phosphine, namely trimesitylphosphine. For this we chose five different para substituents ranging from the most electron-donating to the most electron-withdrawing, namely NO 2 , Br, H, OCH 3 3 . [9] Here too, for the most electron-donating para substituent more contribution of the resonance form II (Figure 2 ) is observed which can be seen in, among others, the N-N bond lengths as it elongates going from 2a to 2p (N-N: 2a 1.233, 2p 1.252 Å, see supporting information). DFT calculations at the ωB97X-D/6-311+G(d,p) level of theory concur with the less donating ability of PMes 3 (HOMO: PMes 3 -7.13 eV, PtBu 3 -7.69 eV). Likewise, the addition of PMes 3 leads to a slightly less thermodynamically stable product compared to the tri-tert-butylphosphine arylazophosphonium salt [2f ΔE = -48.2 kcal mol The colours of trimesitylphosphine-diazonium adducts 2 were quantified using UV/Vis spectroscopy and revealed an intense absorption maximum ranging from λ max = 295-462 nm (π→π* transition), which displays a bathochromic shift from 2a to 2p (Table 3) . [13] Here too, a weak absorption in the visible region is observed with λ max = 472-500 nm (n→π* transition), which displays a hypsochromic shift from 2a to 2p. In addition, more intense absorption peaks (including shoulders) are observed which are attributed to absorptions related to the mesityl groups (Figure 7) . [14] Comparing 1f to 2f reveals a hypsochromic shift for both absorptions (1f: π→π* λ abs = 316, n→π* λ abs = 512; 2f: π→π* λ abs = 304, n→π* λ abs = 485 nm). This difference in colour in the arylazophosphonium salts is evidently also observed by eye, 1f is pink whereas 2f is pale pink (Figure 3, Figure 6 ). We resorted again to DFT calculations at the ωB97X-D/6-311+G(d,p) level of theory and here the same trend as for 1a to 1p is observed. A decrease in the value of n (HOMO) to π* (LUMO) (2a n: -12.2, π*: -4.3 eV, 2p n: -11.5, π*: -3.3 eV) with a similar excitation gap of around 8.2 kcal mol -1 is revealed. For the π→π* excitation (HOMO-1 to LUMO) the same holds, overall a decrease is observed from 2a to 2p (2a π: -12.6, π*: -4.3 eV, Δ -8.3; 2p π: -9.9.3, π*: -3.8 eV, Δ -6.6) probing the effect of the para R-group on the molecular orbitals.
The molecular structures 2d, 2f, 2m obtained by single-crystal X-ray structure determinations (Figure 8 [9] Previously, we reported on the single-crystal X-ray structure of 1f (with a different borate counterion, [BPh 4 ] -), [10] which allows a comparison of bond metrics between azophosphonium salts with different substituents on the phosphorus centre (PMes 3 
Conclusions
The tuneability of the azophosphonium salts, on both the aryl ring and phosphine, has been extended, showing the ease and tolerance of this synthetic protocol. The physical properties of the arylazophosphonium salts [(p-R-C 6 H 4 )N 2 (PR′ 3 )][BF 4 ] have been rationalised using the σ + para Hammett constant and probed using 31 P NMR spectroscopy, UV/Vis spectroscopy and density functional methods. We anticipate this chemistry is a versatile entry point for the design of highly tuneable diazo compounds that can find application as dyes or as one-electron acceptors for the synthesis of stabilised radicals.
Experimental Section
All manipulations regarding the preparation of air-sensitive compounds were carried out under an atmosphere of dry nitrogen or argon using standard Schlenk and drybox techniques. Solvents were purified, dried and degassed according to standard procedures. 1 counter electrode -10kV, Ion source 37 V. IR spectra of air-stable compounds were recorded in air on a Bruker Alpa-P. UV/Vis spectra were recorded on a UV-2600 Shimadzu spectrometer in a cell with a 2 mm path length. All reagents were purchased from commercial resources and used without further purification. To dissolve PtBu 3 in acetonitrile, sometimes a bit of heat was applied. 1a, 1d, 1f, 1m and 1p were prepared according to literature procedures. [10] All diazonium salts were stored under nitrogen at 4°C or -20°C.
Synthesis of p-Acetoxy Aniline: [p-CH 3 (O)CO-PhNH 2 ]
was prepared according to Manna et al. [15] p-Nitrophenyl acetate (200.7 mg, 1.108 mmol, 1.0 equiv) was dissolved in ethyl acetate (4 mL) and Pd/C (10 %, 5.8 mg, 0.005 mmol) was added. The mixture was stirred under an hydrogen atmosphere and the reaction progress was checked with TLC (petroleum ether/ethyl acetate = 3:1.1). After full conversion (47 h), the mixture was filtered, washed with ethyl acetate (2 × 1 mL) and the solvents evaporated to dryness to give [p-CH 3 
(O)CO).

Aryldiazonium Salt Synthesis: Method A:
To the para substituted aniline (2.0 mmol, 1.0 equiv) in water (1 mL) was added 50 wt.-% aq. HBF 4 (0.68 mL). The mixture was cooled in an ice bath and a solution of NaNO 2 (2.0 mmol, 1.0 equiv) in water (0.4 mmol) was added dropwise. The mixture was stirred for 45 min at 0°C after which the precipitate was collected by filtration, washed with diethyl ether (4 × 20 mL) and dried in vacuo to afford the desired crude para substituted diazonium salt [p-R-PhN 2 ][BF 4 ]. [16, 17] Aryldiazonium Salt Synthesis: Method B: To the para substituted aniline (2.0 mmol, 1.0 equiv) in ethanol (1 mL) was added 50 wt.-% aq. HBF 4 (4.0 mmol, 2.0 equiv). The mixture was cooled in an ice bath and tert-butyl nitrite (4.0 mmol, 2.0 equiv) was added dropwise. The mixture was stirred for 1 h at 0°C after which the precipitate was collected by filtration, washed with diethyl ether (3 × 20 mL) and dried in vacuo to afford the desired crude para substituted diazonium salt [p-R-PhN 2 ][BF 4 ]. [18] If no precipitate had formed diethyl ether was added resulting in the formation of solids.
Purification of the Aryldiazonium Salt: Method A:
The crude product was dissolved in a minimal amount of acetonitrile, filtered if necessary, and recrystallised by addition of diethyl ether until no more precipitate formed, after which the solids were filtered, washed with diethyl ether (4 × 20 mL) and dried in vacuo to afford the para substituted diazonium salt [p-R-PhN 2 ][BF 4 ].
Purification of the Aryldiazonium Salt: Method B:
The crude product was dissolved in a minimal amount of acetone, filtered if necessary, and recrystallised by addition of diethyl ether until no more precipitate formed, after which the solids were filtered, washed with diethyl ether (4 × 20 mL) and dried in vacuo to afford the para substituted diazonium salt [p-R-PhN 2 ][BF 4 ]. [20] under inert conditions. 50 wt.-% HBF 4 (0.97 mL, 7.7 mmol, 1.1 equiv) was added to a solution of p-phenylenediamine (759.3 mg, 7.0 mmol, 1.0 equiv) in acetone (10 mL) at 0°C and a colour change from light pink to green/yellow was observed. After 10 min, tert-butyl nitrite (0.97 mL, 8.4 mmol, 1.2 equiv) was added dropwise and the colour changed to brown. The reaction mixture was stirred for 15 min. after which diethyl ether (30 mL) was added and brown solids precipitated, which were filtered, washed with diethyl ether (6 × 20 mL) and dried in vacuo resulting in the isolation of a brown powder in 93 % yield (1353.8 mg, 6.542 mmol). Subsequently, the crude product was dissolved in a minimal amount of acetonitrile (10 mL General Procedure for the Synthesis of the Arylazophosphonium Salts 1a to 1p: These reactions were performed in the dark using aluminium foil wrapping to protect the reaction mixture from exposure to sunlight. A solution of PtBu 3 (0.440 mmol, 1.1 equiv) in acetonitrile (2 mL) was added dropwise to a solution of the corresponding para substituted diazonium tetrafluoroborate [p-RPhN 2 ][BF 4 ] (0.400 mmol, 1.0 equiv) in acetonitrile (2 mL) at 0°C. The solution was stirred for 5 min at 0°C and then warmed to room temperature in 1 h after which all volatiles were removed in vacuo. The product was purified by addition of DCM (0.5 mL), subsequent addition of n-pentane (15 mL) and stirring for 10 min. resulted in the precipitation of solids. These solids were collected by filtration, washed with n-pentane (2 × 5 mL) and the solvents evaporated to dryness to afford the desired arylazophosphonium compound. 
Synthesis of p-Cyanobenzenediazonium
